Carbon fibres and glass fibres are reinforcements for advanced composites and the fiber strength is the most influential factor on the strength of the composites. They are essentially brittle and fail with very little reduction in cross section. Composites made with these fibres are characterized by a high strength/density ratio and their properties are intrisically related to their microstructure, i.e., amount and orientation of the fibres, surface treatment, among other factors. Processing parameters have an important role in the fibre mechanical behaviour (strength and modulus). Cracks, voids and impurities in the case of glass fibres and fibrillar misalignments in the case of carbon fibres are created during processing. Such inhomogeneities give rise to an appreciable scatter in properties. The most used statistical tool that deals with this characteristic variability in properties is the Weibull distribution. The present work investigates the influence of the testing gage length on the strength, Young's modulus and Weibull modulus of carbon fibres and glass fibres. The Young's modulus is calculated by two methods: (i) ASTM D 3379M, and (ii) interaction between testing equipment/specimen The first method resulted in a Young modulus of 183 GPa for carbon fibre, and 76 GPa for glass fibre. The second method gave a Young modulus of 250 GPa for carbon fibre and 50 GPa for glass fibre. These differences revelead differences on how the interaction specimen/testing machine can interfere in the Young modulus calculations. Weibull modulus can be a tool to evaluate the fibre's homogeneity in terms of properties and it is a good quality control parameter during processing. In the range of specimen gage length tested the Weibull modulus for carbon fibre is ~ 3.30 and for glass fibres is ~ 5.65, which indicates that for the batch of fibres tested, the glass fibre is more uniform in properties.
Introduction
A considerable progress over the past three decades has been made in the reinforcement technology, but as many other things, they were not created equally. Many factors contribute to the variability in properties, and the key factors that influence mechanical properties are raw material and processing conditions. Carbon fibres, for instance, are mainly manufactured by spinning termoplastic fibres, predominantly polyacrilonitrile and pitch, which under controlled drawing and pyrolysis are converted to stiff oriented carbon. As a consequence their mechanical properties vary according to the characteristics of the precursor fibre and the processing itself. During precursor manufacturing and further heat treatment many defects are created, such as, fibrilar misalignments and many ultramicropores, which result in scatter in carbon fibre strength. Glass fibres in turn are obtained by melting and melt spinning a mixture of metal oxides. Thus, it is necessary to implement a statistical process control or qualification programs in order to reduce the variability of fiber key characteristics. Therefore, the properties of structural composites are a function of both fibre distribution strength at short gauge lengths and fibre elastic modulus. On the other hand, composite properties are highly influenced by fibre/matrix bonding.
After processing, statistic control or qualification programs applied to reinforcing fibres are based on evaluation of mechanical properties. Tensile strength is a straightforward measurement on fibres. Although filaments can be as thin as ~ 7.5 µm in diameter they can be easily fitted in paper tab and tensile tests can be performed in a simple way. On the other hand, their inherent brittleness cause difficulties to measure deformation by standard strain-sensing devices, such as strain-gages, extensometers, etc, or by other more sophisticated and expensive techniques such as optical methods. So, the first aim of this work is to use two methodologies to calculate the modulus. The first one is based on the system compliance, as stated in the ASTM D 3379M
1 , and the second one takes into account the rigidity of the equipment where fibres are tested. In the latter method the results of the tensile test reflect the interaction between the testing equipment and specimen under test 2 . Both methods used the same set of data for calculations. The literature reports for high strength carbon fibre a tensile strength of 3.0 GPa and a Young modulus of 230.0 GPa 3 . For glass fibres an average tensile strength of 2.2 GPa and Young modulus in the range of 60.0 GPa to 90.0 GPa are reported.
Unlike many other physical parameters such as elastic modulus, density, etc, filament strength is a statistical parameter which can not be fully described by a single value. The most used statistical tool to describe the variability in strength for materials is the Weibull distribution. The Weibull modulus is not a material constant, but gives a good indication of how homogeneous the material is.
Materials and Experimental
In the present work the carbon fibre studied was a PANbased high strength 400 dtex type, manufactured by Hexcel Carbon Fibres, under the trade name of AS4-GP. E-glass type fibres were provided by Owens Corning Ltda, 750 dtex. Both fibres were tested according to the ASTM D 3379M Standard. The fibres were cut in dissimilar positions from the fibre tow assuring a random selection of single filaments. Gage lengths of 25 mm, 50 mm, 75 mm and 100 mm were prepared by moulting in a paper support tab, as shown in Fig. 1 . The testing speed was 2.5 mm/min, graphic paper speed was 200 mm/min. The testing machine used during the work was an Instron 1131, and a load cell of 50 gf was used. For carbon fibres the full scale testing was set at 20 gf and for glass fibre the full scale testing was set at 50 gf. At least twenty-five specimens were tested from each kind of fibre.
The tensile test gives us a load as a function of extension curve up to failure. Tensile strength was calculated as follows:
where F = tensile force to failure (N), A = average cross section filament area (m 2 ). The carbon fibre modulus was calculated following two procedures. The first is described in ASTM D 3379M Standard. The procedure suggests that indicated compliance is first calculated as follows:
where I = total extension for the straight line section of load/time curve extrapolated across full chart scale (mm), H = crosshead speed (mm/s), P = full scale force (N), 
where E = Young modulus (GPa), L = specimen gage length (mm), C = True compliance (mm/N), and A = average filament area (mm 2 ). The second method to correct the Young modulus value followed a procedure which takes into account the interaction between equipment/specimen during testing, as described by Guimarães 2 . According to this method the equipment and the specimen are considered as two springs in series, as shown in Fig. 3 , one representing the testing machine having a rigidity (K m ), and the other one representing the specimen having a rigidity proporcional to the Young´s modulus, as follows 2 :
where K s is the rigidity of the system, L is the specimen length, E = Young´s modulus, A = cross section area of the specimen.
At the onset of the test, the specimen is in the elastic regime and the slope of the load/extension curve can be used to calculate K s , as follows:
The angle θ o is measured, as indicated in Fig. 2 , and Young´s modulus can be calculated by the Eq. 7:
where L o and A o are the initial gage length and cross section area of the filament specimen.
If θ o is known, and "tg θ o " is plotted as a function of L o /A o , values for K m and E can be obtained. Correction of the elastic modulus is necessary because the testing equipment can exhibit a dependency where the equipment response during testing is dependent on the sample gage length. This dependency is manifested as an elastic deformation contribution from the testing equipment.
The Weibull modulus from each set of fibre tested was determined at different gage lengths. This was accomplished by plotting Eq. 8 4 :
where P is the probability of failure, m is the Weibull shape parameter, σ is the tensile strength and σ o is the scale parameter. The Weibull modulus is obtained by plotting ln [ln(1/(1-P))] as function of ln σ. The probability from mean position corresponding to the i-th observation is given by P = i/N+i, where N is the number of samples. The Weibull parameter (m) is obtained by linear regression.
Results and Discussions
Initially, Hookean behaviour was assumed for glass and carbon fibres in the calculation of Young's modulus. Table 1 show results for tensile tests for carbon fibre. It shows a trend where the higher gage length of the fibre filament is the lower the tensile strength obtained is. This trend has been also reported by other researchers, and it is related to the increase in flaw population when higher gage length is used for testing 5 . Table 2 shows the results obtained for tensile tests for glass fibres and a similar behaviour was found for these fibres when compared to carbon fibres.
All fibres failed in a brittle manner by exhibiting a sharp drop in strength after ultimate failure stress. Mean values for tensile strength for carbon fibres and for glass fibres were close to each other. The tensile strength reported in Figure 3 . Representation of the testing system equipment/specimen in the elastic regime. K = testing machine spring constant, δ.X m = displacement due to testing machine elasticity. the literature for both glass fibres and carbon fibres are close to the value found in this work, 2.70 GPa and 2.38 GPa respectively. Figure 4 shows a plot of tensile strength as a function of gage length for glass fibres. Glass fibre tensile strength tends, although not regularly, to a decrease in strength with an increase in the gage length tested. On the other hand, Fig. 5 shows that an increase in the carbon fibre gage length leads to a decrease in the tensile strength. The decrease in tensile strength with increasing gage length tested is mainly associated with an increase in flaw population 5 . As it could be expected, a large difference was found in Young's modulus values for glass fibres (90 GPa) and for carbon fibres (233 GPa). This is due to their atomic structure 6 . Essentially, PAN-based carbon fibres are nongraphitizing with a turbostratic (irregular) organisation of the graphitic layer planes, and the most realistic model of the structure consists of a complex fibrillar structure threedimensionally interlinked forming crystallites which enclose sharp-edged voids 7 . In E-glass type fibres the presence of elements such as Ca, Na and K tends to break up the regular network of the three-dimensional covalent bonded tetrahedral formed in the presence of silicon, at the centre, and oxygen at the corners. This can cause regions of inhomogeneities in fibre structure at different levels and hence causes variation in strength 8 . Results from Table 1 and Table 2 indicate that for the onset of fracture, the energy necessary to break chemical bonds in glass fibres is twice as high as the energy necessary for carbon fibres. Table 1 and Table 2 
Calculation of Young's Modulus by ASTM D 3329M Method
By using Eq. 4 the corrected Young's modulus can be calculated. The true compliance (C) is obtained by subtracting the system compliance (Cs), taking it at zero gage length in Fig. 6 for carbon fibres, and in Fig. 7 for glass fibres, from the indicated compliance (Ca) for each gage length, using Eq. 2. The Fig. 8 shows plots for Young's modulus assuming ideal Hookean behaviour and the corrected Young's modulus according to ASTM D 3329M for carbon fibres and Fig. 9 shows equivalent plots for glass fibres.
According to ASTM D 3329M testing method, the corrected Young's modulus found for carbon fibres was 183.0 ± 6.6 GPa, and ~75.7 ± 8.4 GPa for glass fibres, Table 3 and Table 4 , respectively. For high strength carbon fibre a Young's modulus of ~220 GPa is reported in the literature, the correction gives an underestimated value, although no information is given about testing conditions 3 . This result also indicates that correction by ASTM D 3329M gives a more conservative result. For glass fibres, however, the corrected result agreed well with the value given by literature, where it is reported a Young's modulus of ~70 GPa. As a result, by assuming ideal Hookean behaviour for both carbon and glass fibres, the results for Young's modulus are overestimated at any gage length tested.
Calculation of Young's Modulus by the Rigidity Method (Interaction Testing Equipment/Specimen)
This approach for modulus calculation needs initiallly the value of the angle θ o from the load as a function of extension curve for each gage length of fibre tested, as exemplified in Fig. 2 , and also the gage length/filament cross section (L o /A o ) ratio. Table 5 shows results for these parameters for both carbon and glass fibres. The graphical plot from the results showed in Table 5 ). According to this method (rigidy method), the corrected Figure 11 . Graphical plot of equation 7 taken from experimental data from Table 5 , for glass fibres. Figure 10 . Graphical plot of Eq. 7 taken from experimental data from Table 5 , for carbon fibres. Young's modulus is given by the inverse of the angular coefficient. The Fig. 8 showing carbon fibre behaviour indicates that angular coefficient is equal to 4.10 -7 . Thus, the value of the corrected Young's modulus for the carbon fibre, obtained by rigidity method, is equal to 250 GPa. For glass fibre the angular coefficient taken from the plot of Fig. 9 is 2.10 -6 results in a corrected Young's modulus equal to 50 GPa, which is below the lower bound for glass fibre Young's modulus found in literature. The rigidity method approach for Young's modulus calculation for carbon fiber agreed well with the value for Young's modulus found assuming a linear elastic behaviour during tensile tests (~233 GPa), and also agreed with the value given in the literature 8 . The value of testing machine rigidity (K m ) was calculated from Eq. (5). The value of K m depends on geometrical parameters of the specimen, Young's modulus and on angle (θ) of the load as function of displacement for the specimen. For carbon fibre the Young's modulus is much higher than for glass fibre and the angle (θ) of the load/displacement curve is steeper giving rise to a testing machine rigidity of 3.8 kN/m. For glass fibres the Young's is lower than for carbon fibres and the angle (θ) of the load/displacement curve is also lower than that for carbon fibres giving rise to a higher testing machine rigidity (K m = 13 kN/m). Thus, the INSTRON testing machine used in this work is almost three times stiffer for testing glass fibres than for testing carbon fibres.
Weibull Modulus
The tensile strength for both carbon fibre and glass fibre obtained in the present work were evaluated under constant volume, i.e., a set of samples had a constant gage length. The Weibull modulus for both carbon and glass fibres were calculated for each gage length tested according to Eq. 8. The plots for carbon fibres at each gage length tested is shown in Fig. 12 . The equation of the line draw through the points has the form "y = ax + b" , where "a" represents the Weibull modulus 4,9 . The Weibull parameter "m" can be regarded as a flaw frequency distribution factor 4 . High values of "m" indicates that flaws are evenly distributed throughout the material, whatever they are plentiful or not, and hence strength is nearly independent of the length. Low values of "m" indicated that flaws are fewer and less evenly distributed, causing greater scatter in strength. All graphical plots of Weibull distribution for carbon fibres, obtained in the present work, showed that "m" falls in a narrow range (m = 3.0 -3.6), indicating that the latter assumption, fewer flaws less evenly distributed, is the case for carbon fibre. Flaws in carbon fibres are mainly represented by pores. The carbon fibre of the type used in this work is characterized by a mean pore diameter of about 5.5 nm, and a broad ultramicropore distribution in the range of 2 nm to 40 nm, and a pore volume of ~0.2% 10 . These figures indicate that strength statitics of carbon fibre is mainly controlled by small flaw population.
The Weibull theory also states that for a material with homogeneous quality having a near unimodal distribution of flaw size the value of "m" should be the same at all sample length, and the mean value of strength at the different lengths should increase with decrease in length. The carbon fibre used in this work followed this trend, which indicates that it has an unimodal distribution of flaw size. Despite the high scatter in the tensile strength values for carbon fibre (~30%), commonly found for this kind of material, the narrow range of "m" parameter indicates that it has an homogeneous quality.
Tagawa 11 investigated statistical distributions of the tensile strength in carbon fibres for 10 years period using ex-PAN carbon fibres and mesophase pitch carbon fibre. In his work a Weibull parameter of 4 was found, irrespective of the carbon fibre precursor and strength level. Tensile strength in the carbon fibres almost follows a single modal Weibull distribution, suggesting a single fracture mechanism. The fracture mechanism of carbon fibres is mainly due to misorientation of the graphite crystal layers around some inclusions and voids, which is assumed as a defect controlling mechanism.
Glass fibre shows a different picture from the carbon fibre behaviour, as shown in Fig. 13 . The Weibull modulus varies at each gage length tested indicanting that mechanical properties of glass fibre is not homogeneous from bath to bath. It must be pointed out that surface defects are the cause of premature failure in fibres and these defects can also appear during fibre handling. Weibull modulus for glass fibre has a high value in relation to the Weibull modulus for carbon fibre. This indicates that the scatter in mechanical properties for the glass fibre is lower than that for carbon fibre, despite of the fact that glass fibre Weibull modulus exhibits a near constant value.
The average fracture stress is not a constant but depends on the specimen gage length. This change follows the Eq. 9 12 :
Thus, just one Weibull modulus could be calculated from the set of fibres tested. Considering the average value of carbon fibre Weibull modulus (3.28) and the specimen gage length of L 1 = 25 mm and average values for tensile strength (σ 1 = 2.90 GPa), the resulting σ 2 tested at L 2 = 100 mm gage length would be 1.90 GPa, which is the lowest value for carbon fibre tensile strength.
Considering the average value of glass fibre Weibull modulus (5.76) and the specimen gage length of L 1 = 25 mm and average values for tensile strength (σ 1 = 2.58 GPa), the resulting σ 2 tested at L 2 = 100 mm gage length would be 2.03 GPa, which is in the lower bound for glass fibre tensile strength.
Conclusion
Tensile strength, Young's modulus and Weibull modulus were evaluated for two types of reinforcements used in structural composites, a high strenght carbon fibre and a glass fibre. In the range of specimen gage length tested, the tensile strength of glass fibres is within the range of 1.8-3.0 GPa (average 2.38 GPa) and tensile strength for carbon fibres is within the range of 1.8 -3.8 GPa (2.70 GPa).
Because such fibres have small diameter (~10 µm) it is not possible to use conventional strain-gages sensors in order to measure deformation and to calculate directly the Young's modulus. Thus, two methods were used to evaluate Young's modulus. The first followed a procedure described in ASTM D 3379 Standard, and the second followed a procedure which takes into account the interaction between testing equipment and specimen under test, named the rigidity method. By using the ASTM D 3379M standard, the calculated Young's modulus for carbon fibres is ~183 GPa and for glass fibres is ~76 GPa. These values are lower than the Young's modulus calculated assuming ideal Hookean behaviour for both fibres. The ASTM D 3379 method underestimates the carbon fibre Young's modulus in relation to literature values. On the other hand, by using the rigidy method a Young's modulus of 250 GPa and 50 GPa was found for carbon fibres and glass fibres, respectively. In relation to literature values the ASTM D3379M standard underestimates the carbon fibre Young's Modulus, and the rigidy method underestimates the glass fibre Young's Modulus. The differences in Young's modulus calculations from both methods can be explained by the fact that ASTM D3379M standard takes only the system rigidity (specimen/testing machine) into account, while the rigidity method distinguishes the system rigidity from the testing machine rigidity. As a consequence, testing machine rigidity can have a proportionally lower influence on testing stiffer ceramic fibres, e.g. carbon fibres, which reflects in the Young's modulus calculations.
Reinforcing fibres have defects generated during processing and from handling, such as ultramicropores, fibril misalignments and impurities, which are the main source for crack initiation and failure in fibres. These defects cause either lower and scattered strenght values. Weibull modulus for carbon fibre was in the range of 3.00 a 3.55 and for glass fibres in the range of 4.74 and 6.58 . So, the scatter in strength for carbon fibre is a bit higher than for glass fibres, although carbon fibre has more homogeneous quality than glass fibre have. In other words, carbon fibres have more flaws than glass fibres but they are evenly distributed throughout the length of the filament. 
